The plasmon resonance behavior in Ag-Au split-ring resonator (SRR) heterogeneous dimer array has been investigated numerically by using the finite difference time domain (FDTD) method. The resonance dips were tuned with the metallic SRR dimer arrays constituted by different metals. For the Ag-Au heterogeneous SRRs dimer array, with the arms of metallic cross lengths increasing, the resonance dips in the visible region red shifted but the locations of resonance modes in the near-infrared region kept immovability. On the contrary, the locations of resonance dips in the visible region kept immovability but the resonance modes in the near-infrared region red shifted obviously with the air cuts widths decreasing. The whole resonance dips exhibited a red-shift as the environmental dielectric constants increase. The electric and magnetic field distributions of certain resonance wavelengths were also investigated.
Introduction
In recent years, metamaterials researches have attracted an enormous amount of attention [1] [2] [3] . Metamaterials are fascinating artificial materials which have a special advantage to control electromagnetic waves propagation and especially adjust the light polarization state through different designs or diverse spatial arrangements of structural unit. Metallic splitring resonators (SRRs) are the most outstanding examples for metamaterial building block [4, 5] . By combining this artificial atoms array with an array of nanorods, in microwave regime, Smith et al. [6] experimentally revealed the metamaterials possess negative refractive index. Since then, metallic SRRs have been developed rapidly in shifting the resonant response to higher frequencies [7] [8] [9] . Due to the unique nature of SRRs, there are massive studies in the literature with regard to the multifarious aspects of SRRs. Some researches have reported the numerical simulation results of the effective parameters [10, 11] and the transmission characteristics [12] of SRR structures. Transmission properties of disordered and periodic SRRs [13] have been discussed experimentally at length. Electromagnetic resonance features of SRRs have been considered widely in both experimental and theoretical methods [14] . The influence of structure parameters on SRRs' resonance behaviours and the origin of resonances have been analyzed in detail [15] .
However, the left-handed metamaterials composed of SRRs are very sensitive to the polarization of the incident electromagnetic field. To solve the problem, Padilla et al. [16] designed a metamaterial built up of pairs of metallic crosses, which are similar to the rosette design for artificial gyrotropic devices and metamaterials. These wires act as small electrical dipoles which lead to a negative effective permittivity [17] . Additionally, two opposing crossbars within one elementary cell form some kind of -resonance circuit, which can be excited by a magnetic flux through the area between the two wires [18] . Then, Chen et al. [19] presented the results of experimental and computational studies on different planar SRR with inner metallic cross metamaterials. These metamaterial structures and their corresponding inverse structures showed complementary transmission properties as characterized by THz time domain spectroscopy. Since then, homologous metamaterial structures have been studied by some researchers [20, 21] .
As we all know, the surface plasmon polaritons (SPPs) are coupled oscillations of electromagnetic fields and electrons [22] . Recently, plasmonic metallic nanostructures have obtained massive interest owing to their potential applications in biological or chemical sensing [23] , biomedicine [24] , surface enhanced spectroscopy [25] , optoelectronics [26] , optical filters and sensors [27] , and other areas. Plasmon hybridizations and interferences in the complex metallic nanostructures provide a powerful means to tailor the spectral response and reinforce local field at nanometer scale. It has been demonstrated that the nanoparticle dimer has strong local electromagnetic field enhancements in the dimer gaps [28] . The metallic dimer nanostructures can exhibit a large number of attractive effects, such as radiation damping modification, optical frequency mixing, and plasmonic Fano resonances [29] . SPPs resonance characteristics of metallic dimer nanostructures are highly dependent on the metal composition, size, shape, periodicity of its elements, and surrounding environment. The optical response of Au-Ag plasmonic heterodimers has been previously studied theoretically and experimentally [30] .
Motivated by the above researches, in this paper, we proposed the Ag-Au split-ring resonator with inner metallic cross heterogeneous dimer array with different metal compositions, arms of metallic cross lengths, widths of air cuts, and environmental dielectric constants. The simulated numerical results showed that the resonance modes can be tuned by different metal compositions of the SRR dimer arrays. For the Ag-Au heterogeneous SRRs dimer array, along with the arms of metallic cross lengths increasing, the resonance dips in the visible region red shifted but the locations of resonance modes in the near-infrared region kept immovability. On the contrary, the locations of resonance dips in the visible region kept immovability but the resonance modes in the nearinfrared region red shifted obviously with the air cuts widths decreasing. With the environmental dielectric constants increasing, the whole resonance dips presented a red-shift. Moreover, the electric and magnetic field distributions of certain resonance wavelengths were also investigated.
Structure and Simulation Method
The schematic view of a unit cell of the SRR with inner metallic cross dimmer array was given in Figure 1 . The grey and yellow background materials indicated the metal silver and gold, respectively. The nanostructure we proposed was immersed in a vacuum. All the split rings had the same width = 10 nm and outer radius = 50 nm. Additionally, the edgeto-edge spacing between adjacent split rings and the arm of the metallic cross width were set to be = 20 nm and = 10 nm, respectively. In this work, the variable parameters are the following: the arm of metallic cross length , the width of each air cut , and the permittivity of medium in the two split rings . The frequency-dependent dielectric constants of gold and silver are given approximated by the Drude model as [31, 32] 
where ∞ expresses the instantaneous relative dielectric constant at the infinite frequency, denotes the bulk plasma frequency of metal, is the angle frequency of the incident wave, and represents the collision frequency, respectively. The dielectric constants of both metals are taken from [33, 34] .
The time-dependent near field and transmission spectra of the SRR dimer structure were calculated by using twodimensional finite-difference time domain (FDTD) method [35] . As depicted in Figure 1 , the proposed SRR dimer array was illuminated by a normal incident Gaussian single pulse wave with propagation vector ( ⃗ ) along the -direction and electric field vector ( ⃗ ) along the -direction. The analyzed structure was simulated by an FDTD cube of size × = 800 nm×400 nm and infinity along the -axis. The spatial and temporal steps were set as Δ = Δ = 1 nm and Δ = Δ /2 ( is the speed of light in vacuum). Also, perfectly matched layer (PML) absorbing boundary condition and periodic boundary condition were applied along the -and -axes, respectively.
Results and Discussion

Plasmon Resonance in SRR Arrays Constituted by Different
Metals. To start with, Figure 2 depicts the transmission spectra for three SRRs with inner cross dimer arrays which constituted Au (red line), Ag (blue line), and Ag-Au (black line) for comparison. The three nanostructures had same structure parameters ( = 1, = 25 nm, and = 10 nm) except for different metal compositions. The first thing we noted was that three transmission spectra exhibited the same plasmon resonance peak at wavelength = 0.804 m and the peak intensity achieved 1.0. In the later paragraphs, we will see that the location of this resonance peak still keeps fixedness with different structure parameters of the nanosystem. Therefore, the formation of this plasmon resonance peak is independent of material components and structure parameters of SRR dimer arrays. It may originate from periodicity of structure. In the visible region, all the spectra had a dip which possessed different intensities and positions. For example, Ag-Au SRR heterogeneous dimer array had a dip located at = 0.5386 m with intensity 0.471, whereas Ag homogenous dimer array represented the dip located at = 0.4744 m with intensity 0.555. The SPPs resonance wavelength is related to the permittivity of the medium and the metals and . In the case of same permittivity = 1, there is Re| (Au)| < Re| (Ag)| of the permittivity of the Ag and Au at this wavelength range, which leads to the difference between the locations of resonance dips for three types of structure. At the wavelengths greater than = 1.8 m region, all the spectra exhibited 100% transmission efficiency. In addition, the transmission spectra of the Au and Ag homogenous dimer arrays showed an acute peak in the near-infrared region, which located at wavelength = 0.9876 m and = 0.8596 m, respectively. On the contrary, a relative wider resonance peak appeared in the wavelength region = 0.8522 m to = 1.018 m in the spectra of the Ag-Au heterogeneous dimer array. Different materials can be used to adjust the SPPs resonances properties of the nanoparticles. By combining the advantages of different materials, the composite nanostructure can realize the electromagnetic coupling between metal nanoparticles and adjust the plasmon resonances. The plasmon resonant behaviors of the three nanostructures are influenced by different dispersion of Ag and Au.
To further understand more basic physical mechanisms and information of the resonance peaks, the spatial distributions of the electric and magnetic were also given. Figure 3 exhibits the calculated field components and distributions at the same resonance wavelength = 0.804 m (as shown by the up arrow in Figure 2 ) for three different nanostructures: (a and b) Au homogenous dimer array, (c and d) Ag homogenous dimer array, and (e and f) Ag-Au heterogeneous dimer array. According to the boundary condition of ⃗ ⋅ ⃗ = / 0 and ⃗ = ⃗ in the normal direction, we know that distributions are associated with surface charge densities . Figures 3(a), 3(c) , and 3(e) all indicated massive surface charge densities accumulated in the air cuts of the split rings. Meanwhile, positive and negative fields distributed (shown by red and blue areas) in the two air cuts of every ring were just opposite. For Au homogenous dimer array, quadrupole modes were found outside the two rings and dipole mode formed in the left ring. A weak quadrupole mode was also found at the corners of Au cross in the right ring, which showed a typical edge effect. For Ag homogenous dimer array, dipole modes formed in the two rings. The electric field between the two split rings was strengthened. For Ag-Au heterogeneous dimer array, the electric field between the two split rings was further strengthened. The left Ag split ring and the right Au split ring exhibited the same field distributions as the left ring in Figure 3 (c) and as the right ring in Figure 3(a) , respectively. But the electric field was strengthened, which could be due to the stronger coupling of SPPs excited from Ag and Au, as the dispersion of Ag and Au is different.
Then, we discussed the magnetic field component distributions which were shown in Figures 3(b) , 3(d), and 3(f). For Au homogenous dimer array, the weak positive magnetic fields were fairly well-distributed in the two rings. On the contrary, the stronger negative field distributions were found in the two split rings in Figure 3(d) , but the field in the right split ring was more stronger than that in the left ring. In Figure 3 
Plasmon Resonance in Ag-Au SRR Heterogeneous Dimer
Array. In this section, we reported detailed numerical results of the Ag-Au SRR heterogeneous dimer array to demonstrate the plasmon resonance characteristics. For this purpose, we compared the transmission behaviors for Ag-Au SRR heterogeneous dimer arrays with different arm of metallic cross lengths , widths of each air cut , and permittivities of medium in the two split rings .
As shown in Figure 4 , the permittivity of medium in the two split rings = 1 and the widths of each air cut = 10 nm were fixed, along with the arms of metallic cross lengths increasing from 25 nm to 40 nm, and the resonance dips at the = 0.8522 m and = 1.018 m were further deepened. At the same time, the resonance dips in the visible region red shifted but the locations of resonance modes in the near-infrared region kept immovability (as shown by dash lines in Figure 4 ). For instance, the dip in the visible region decreased from a 47% transmittance at = 0.539 m for = 25 nm to a 42% transmittance at = 0.583 m for = 40 nm. This indicates that the cross size mainly influences the resonance mode in the visible region but it is unrelated to the resonance modes in the near-infrared region. The decrease of transmission efficiency for the resonance dips with increasing is due to the introduction of more metal gold to increase the absorption and reflection for the incident light.
In order to understand the causes of the changes for the dips in the visible region, we calculated the electric field components and distributions for the resonance dips indicated by the up arrows in Figure 4 . The corresponding results were presented in Figure 5 , and the four resonance dips located at (a-b) 0.539 m, (c-d) 0.554 m, (d-f) 0.569 m, and (g-h) 0.583 m, respectively. Firstly, in Figure 5 (a), the quadrupole modes distributed outside the two split rings and dipole modes formed in the air cuts. It is worthwhile to note that the same electric field distributions outside the rings and in the air cuts were found in Figures 5(c) , 5(e), and 5(g). Secondly, quadrupole modes existed at the edge of metallic cross, as shown in Figures 5(a) , 5(c), and 5(e), and the electric field gradually was intensified. In particular, Figure 5 (g) showed multipole plasmon modes that appeared at the edges of Ag cross in the left Ag split ring, but quadrupole mode still distributed in the right Au split ring. Finally, as shown in Figures 5(b) , 5(d), 5(f), and 5(h), all the plots exhibited the same electric field distributions. Positive and negative fields distributed in the left Ag ring and right Au ring, respectively. Furthermore, quadrupole modes appeared outside all the split rings. After synthesizing the above phenomena, we can know that increasing almost has no influence on the outside of the split rings. The changes of resonance dips in the visible region were only associated with the electric field around the metallic cross.
Next, we kept = 25 nm and = 1 as constants while the air cuts widths were varied from 12 nm to 6 nm. Figure 6 shows the corresponding simulated transmission spectra. Contrary to Figure 4 , the locations of resonance dips in the visible region kept immovability (as shown by the dash line in Figure 6 ) but the resonance modes in the near-infrared region red shifted obviously. A comparison of Figures 4 and  6 indicates that the location of the resonance modes in the near-infrared region is mainly determined by the parameters of the split rings, but the location of the resonance dip in the visible region is mainly determined by the parameters of the metallic cross. Furthermore, the two resonance dips in the near-infrared region moved farther apart with decreasing . The transmission efficiency was gradually increased on both sides of the resonance peak located at = 0.804 m, so the resonance peak disappeared eventually. Due to the changes of the transmission spectra mentioned above, there emerged two wider transparent windows between the wavelength region = 0.6 m to = 0.9 m and the region = 1.0 m to = 1.3 m when = 6 nm (as shown in Figure 6(d) ).
The split-ring resonator with inner metallic cross still can be described as an equivalent circuit, in which the air cuts and the metallic ring represent equivalent capacitance ( ) and effective inductance ( ), respectively [36, 37] . Here, the equivalent capacitance for the accumulated charge in the air cuts depends on the geometry of the cuts. The effective inductance is influenced by the geometry of the metallic rings [38] . The corresponding resonant frequency can be written as
where expresses the permittivity, shows the area of the capacitor, and denotes the distance of the cuts. The air cuts behave like parallel plate capacitors. We can consider two metal plates with width 10 nm that are placed with a distance between them. When the cuts widths decrease, the capacitance due to air cuts will increase. Consequently, the total capacitance of the nanosystem will increase, which in turn will decrease the resonant frequency according to (2) . So a red-shift occurred in the resonance dips in the near-infrared region. Previously, [39, 40] have predicted and verified the same behavior: increasing the capacitance of the nanosystem will increase the resonance wavelength. The resonance frequency of the Ag-Au SRR with inner metallic cross heterogeneous dimer array also depends on the permittivity of the surrounding material. Figure 7 presents the transmission spectra as the permittivities of medium in the two split rings were varied from 1 to 2.5 in steps of 0.5, while the other parameters = 25 nm and = 10 nm kept constants. Similar to Figure 5 , the transmission efficiency was also gradually increased on both sides of the resonance peak located at = 0.804 m and the location of the peak kept fixedness (as shown by the dash line in Figure 7 ). The whole resonance dips exhibited a red-shift and there appeared more and more irregular dips in visible wavelengths range with increasing environmental dielectric constant . There are two reasons for the red-shift of the transmission spectra. On the one hand, on the basis of (3), as we increase the permittivity from 1 to 2.5, capacitance increases. As a result, the resonant frequency decreases. On the other hand, the SPP resonances can be considered as an electron gas oscillating. The restoring force is provided by induced surface charges. When the medium fills in the split rings, it polarizes and thus reduces the surface charges strength. Therefore, restoring force is decreased and the plasmon energies are lowered. In addition, the polarization effects become stronger with the increment of dielectric constant value. The combined effects of above two factors result in a red-shift of the transmission spectra.
Conclusions
In summary, we have investigated numerically the plasmon resonance behavior in Ag-Au SRR heterogeneous dimer array by using 2D FDTD method. In [17, 18] , the authors utilized different semi-insulating substrates (GaAs or SI-GaAs) to control the electric response properties of SRRs. It is usually
Journal of Nanomaterials 7 considered that the carrier concentration of the substrate mainly affects the size and property of the gap in the SRRs, which control the resonant response of the nanostructure. Different from the above references, the interest of this study was the plasmon resonance properties of the heterogeneous SRRs dimer array without substrate. It was found that the resonance dips were changed with the metallic SRR with inner metallic cross arrays constituted by different metals. For the Ag-Au heterogeneous SRRs dimer array, different resonance modes could tune by the following structure parameters: arm of metallic cross length , the width of each air cut , and the permittivity of medium in the two split rings . The electric and magnetic field distributions of certain resonance wavelengths have been given to further understand more basic physical mechanisms and information of the resonance peaks and dips. The proposed nanostructure potentially allows heterogeneous plasmonic dimer to be used in new optical device.
